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ABSTRACT
We present a 3D study of the formation of refractory-rich exospheres around the rocky
planets HD219134b and c. These exospheres are formed by surface particles that have
been sputtered by the wind of the host star. The stellar wind properties are derived
from magnetohydrodynamic simulations, which are driven by observationally-derived
stellar magnetic field maps, and constrained by Ly-α observations of wind mass-loss
rates, making this one of the most well constrained model of winds of low-mass stars.
The proximity of the planets to their host star implies a high flux of incident stellar
wind particles, thus the sputtering process is sufficiently effective to build up relatively
dense, refractory-rich exospheres. The sputtering releases refractory elements from the
entire dayside surfaces of the planets, with elements such as O and Mg creating an
extended neutral exosphere with densities larger than 10 cm−3, extending to several
planetary radii. For planet ‘b’, the column density of Oi along the line of sight reaches
1013 cm−2, with the highest values found ahead of its orbital motion. This asymmetry
would create asymmetric transit profiles. To assess its observability, we use a ray
tracing technique to compute the expected transit depth of the Oi exosphere of planet
‘b’. We find that the transit depth in the Oi 1302.2 A˚ line is 0.042%, which is a small
increase relative to the continuum transit (0.036%). This implies that the sputtered
exosphere of HD219134b is unlikely to be detectable with our current UV instruments.
Key words: planets and satellites: atmospheres – stars: planetary systems – stars:
low-mass – stars: winds, outflows – stars: individual: HD 219134
1 INTRODUCTION
Winds from low mass, main-sequence stars are formed from
streams of charged particles that outflow from stars and,
thus, permeate the interplanetary medium. As they make
their way towards the interstellar medium, stellar wind par-
ticles drag along the stellar magnetic field. This magnetised
plasma then interacts with orbiting exoplanets in a similar
way as the solar wind interacts with solar system planets.
The nature of the wind-planet interaction mainly de-
pends on whether a planet is magnetised or not and whether
it has a thick gaseous atmosphere or not (e.g. Russell et al.
? E-mail:aline.vidotto@tcd.ie
2016). The solar system offers us some illustrations of dif-
ferent types of interactions. For example, the Earth’s atmo-
sphere is shielded from the direct interaction with the solar
wind due to the presence of an extended (10–15R⊕) mag-
netosphere, which carves a cavity in the solar wind plasma,
deflecting it around our magnetosphere. The magneotsphere
of Mercury, which has a much weaker magnetic field, also
carves a cavity in the solar wind, however with a signifi-
cantly smaller size of only about 1.5 Mercury radii (Bagenal
2013). Mars, instead, is an example of a planet whose at-
mosphere directly interacts with the solar wind, creating an
induced magnetosphere (Bertucci et al. 2011).
In analogy to the interactions between the solar wind
and the solar system planets, exoplanets will also interact
c© The Authors
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with the winds of their host stars. Important differences can
however exist, as both the architecture of known exoplan-
etary systems and the properties of the host stars can be
significantly different from those of the solar system (Vi-
dotto et al. 2015). For example, close-in exoplanets orbit at
very short distances from their hosts, where the stellar wind
is denser and the embedded magnetic field is stronger, when
compared to planets orbiting at large distances. For this
reason, close-in planets usually interact with harsher stel-
lar wind environments than farther out planets. Likewise,
planet-hosting stars might be quite different from the Sun
(e.g., more magnetically active), such that even planets that
are not necessarily too close from their host stars might in-
teract with winds of significantly different properties (e.g.,
Vidotto et al. 2013).
For planets similar to Mars (i.e., non-magnetised and
with a thin, yet collisional atmosphere) or Mercury (i.e.,
weakly-magnetised and with a tiny, non-collisional atmo-
sphere), the stellar wind interacts directly with either their
atmosphere or solid surface. Although lacking a substantial
atmosphere, bodies like Mercury may hold a tenuous (i.e.,
non-collisional) gaseous envelope, forming their exospheres.
This exosphere is made up of particles sputtered from the
surface by precipitating solar wind protons and following
ballistic orbits around the planet. Photoionisation of these
neutral particles creates an ion population in addition to the
ions directly ejected from the surface.
The continuous supply of the exosphere is sustained by
various surface-release processes, like photon stimulated des-
orption, thermal evaporation, micrometeoroid impact, and
ion sputtering. Among these processes, sputtering is consid-
ered to be the most energetic mechanism, leading to particles
with energies of up to several hundreds of eV, distinctly ex-
ceeding the escape energies of many species at the surface
of Earth-like planets. For Mercury, the surface, exosphere,
and magnetosphere, together with the solar wind, consti-
tute a complex and strongly coupled system dominated by
the interaction of the neutral and ionised particles with the
surface and the magnetospheric plasma. The upcoming ESA
mission BepiColombo to Mercury is specifically devoted to
the investigation of this highly dynamic and complex her-
mean environment (Milillo et al. 2005; Killen et al. 2007).
In the case of close-in airless exoplanets, sputtering of
their surfaces may be stronger than at Mercury, thus rais-
ing the question whether their expected exospheres might
be observable. We study here the multi-planetary system
HD 219134, which hosts six detected planets to date. Five of
them orbit the star at separations smaller than 0.4 au, while
one distant gaseous giant planet orbits at ≈ 3 au. The host
star is a K3 dwarf, with an estimated age of 11.0 ± 2.2 Gyr
(Gillon et al. 2017) and an average large-scale surface mag-
netic field of ≈ 2.5 G (Folsom et al. 2018, henceforth Pa-
per 1). The two inner-most planets, HD 219134 b and c,
which are likely tidally locked, are observed in transit and
present Earth-like densities (Gillon et al. 2017). Their low-
gravities suggest that both planets lost through escape their
primary hydrogen-dominated atmospheres, presumably ac-
creted during formation. The removal of their primary at-
mospheres is likely to have happened while the system was
still young and the star was active (e.g., Sanz-Forcada et al.
2011; Tu et al. 2015).
Following the escape of their primary atmospheres,
most likely the solidification of the magma oceans led to the
formation of steam CO2-dominated atmospheres (Elkins-
Tanton & Seager 2008; Elkins-Tanton 2012; Lammer et al.
2018). Depending on the past evolution of the high-energy
(X-ray and extreme ultraviolet, collectively called XUV
henceforth) stellar radiation, the planets may have lost also
the CO2-dominated secondary atmospheres (Tian 2009),
leaving behind the bare planetary surfaces directly inter-
acting with the stellar wind.
In this work, we start from the assumption that both
planets have lost their CO2-dominated atmosphere and do
not host a significant magnetic field. Under these assump-
tions, the close proximity of both planets to the host star,
and thus high proton flux of the incident wind, make the sur-
face sputter, similarly to what occurs on Mercury. Some of
the sputtered planetary particles would then ionise, forming
mostly neutral and ionised Na, O, Si, and Fe atoms (e.g.,
Schaefer & Fegley 2009; Miguel et al. 2011; Pfleger et al.
2015; Kite et al. 2016). The structure and velocity of the
material escaping from the planet would then be controlled
by the stellar wind properties, radiation pressure, and inter-
planetary magnetic field carried by the stellar wind.
Here, we use state-of-the-art models of stellar wind and
wind-induced sputtering to investigate the effects that the
wind of HD 219134 has on building up exospheres on the
two inner-most planets, how the wind interacts with it and
whether these atmospheres can be observed. This paper is
organised as follows. In Section 2, we present our stellar wind
model, which uses surface magnetic field maps derived from
the Zeeman-Doppler Imaging technique (Paper 1). Our wind
model is constrained by the observed mass-loss rate derived
from Ly-α observations presented in Paper 1 of this series.
We use the results of our stellar wind model to quantify the
density, size, and distribution of the planetary exospheres
forming as a result of stellar wind sputtering (Section 3).
In Section 4, we use a ray tracing technique to predict the
observability of the exosphere through transmission spec-
troscopy in Oi lines. Our discussion and conclusions are pre-
sented in Section 5.
2 STELLAR WIND MODELLING
To model the stellar wind of HD 219134, we use the three-
dimensional magnetohydrodynamics (MHD) code BATS-R-
US (Powell et al. 1999; To´th et al. 2012), which solves the
set of ideal MHD equations in Cartesian coordinates, with
adaptive-mesh refinement. The stellar wind model we use
is the same as presented in, e.g., Vidotto et al. (2015); Vi-
dotto & Donati (2017). For the stellar parameters, we take
mass M? = 0.81 M, radius R? = 0.778R and rotation pe-
riod of 42.2 days (Paper 1). In our stellar wind model, the
inner boundary conditions for the stellar magnetic field are
taken to be the observationally-reconstructed surface mag-
netic field of HD 219134, (Paper 1, Figure 1). The grid ex-
tends from −20R? to 20R? in X, Y and Z directions, with the
star placed at the centre of the grid and rotation axis aligned
to positive Z-axis. The minimum and maximum cell sizes
are 9.8×10−3 R? and 0.31 R?, respectively. Closer to the star,
the grid is better resolved, while further out, the resolution
decreases (i.e., cell sizes are larger). The wind is polytropic,
with a polytropic index of 1.05, and consists of a fully ionised
MNRAS 000, 1–11 ()
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Figure 1.Observationally-reconstructed surface magnetic field of
the planet-hosting star HD 219134 (Paper 1). The radial magnetic
field component has an average absolute value of 1.9 G.
hydrogen plasma. The stellar wind total (electrons and pro-
tons) base density and temperature are set to 1.7× 108 cm−3
and 1.5 MK, respectively. This set of base parameters was
chosen such that the derived mass-loss rate from our models
(1.6× 10−14 M yr−1) matches the Ly-α astrospheric observa-
tions presented in Paper 1 (∼ [0.5 − 2] × 10−14 M yr−1). The
simulation is evolved until it converges to a steady-state so-
lution.
Figure 2 shows the output of our simulations once
reached steady-state. The colour scale on the right refers to
the observed magnetic field map, while the colour scale on
the left of the image refers to the stellar wind velocity, which
is plotted in the equatorial plane of the star. The two circles
indicate the orbital distances of planets ‘b’ and ‘c’, which we
take to orbit in the equatorial plane of the star. The grey
lines represent the stellar magnetic field, which is embedded
in the stellar wind. The large-scale field of the inner wind
of HD 219134 resembles that of a tilted-dipole, with dipolar
axis roughly parallel to the Y direction. The wind velocity is
faster when the magnetic field line has open topology at the
surface of the star. Conversely, a slower wind appears above
the closed-field lines, which are shaped as helmet streamers.
This is similar to what is seen in eclipse observations of the
solar corona at minimum. However, in the solar minimum
case, the dipolar axis is essentially along the Z-axis and the
wind structure is axisymmetric. This is also seen in simula-
tions of axisymmetric dipolar fields (e.g. Pneuman & Kopp
1971; Vidotto et al. 2009).
The fact that the magnetic field structure of HD 219134
is non-axisymmetric creates variations on the local stellar
wind conditions along the orbital path of the planets. The
solid lines in Figure 3 show the stellar wind velocity along the
orbital path of HD 219134 b (red) and HD 219134 c (black).
The wind velocity at planet ‘b’ is smaller than that at planet
‘c’, because the stellar wind accelerates with distance and
planet ‘b’ orbits at a closer distance to the star. Along one
planetary year, both planets plunge through slow and fast
winds. In the case of planet ‘b’, the wind velocities vary from
200 to 315 km s−1 in 3.09 days. For planet ‘c’, variations are
from 260 to 370 km s−1 along 6.76 days. We remark that the
velocity of the stellar wind particles that is seen by the planet
is a vectorial sum of the wind velocity and of the planet’s own
orbital velocity (e.g., Vidotto et al. 2010). The dashed lines
in Figure 3 show the magnitude of such a velocity, namely
the velocity of the stellar wind in the reference frame of
planets ‘b’ and ‘c’.
Table 1. Physical properties of planets ‘b’ and ‘c’ (top) and of the
local stellar wind (bottom), averaged over one planetary orbit.
planet: ‘b’ ‘c’
Planetary properties (Gillon et al. 2017):
semi-major axis (au) 0.038 0.065
semi-major axis (R?) 10.8 17.6
orbital period (days) 3.09 6.76
radius Rp (R⊕) 1.6 1.5
mass Mp (R⊕) 4.36 4.34
average density (g cm−3) 6.34 6.95
Stellar wind averaged local properties (this paper):
proton density (103 cm−3) 5.5 1.8
velocity (km s−1) 257 312
velocity incl. orbital motion (km s−1) 290 329
ram pressure of protons∗ (10−6 dyn cm−2) 8 3.2
temperature (106 K) 1.10 1.04
magnetic field (nT) 530 200
∗10−6 dyn cm−2 = 10−3 nanobar = 10−7 Pa
Table 1 summarises the local conditions of the stellar
wind, averaged over one planetary orbit, at the location of
planets ‘b’ and ‘c’. Compared to Mercury (0.39 au from the
Sun), the stellar wind proton densities are nearly two orders
of magnitude higher than the local solar wind surrounding
Mercury (53 cm−3; Bagenal 2013). Likewise, the solar wind
magnetic field surrounding Mercury (40 nT; Bagenal 2013)
is 13 and 5 times smaller than that surrounding HD 219134 b
and c, respectively. The ram pressure of the incident solar
wind protons at Mercury is ∼ 10−7 dyn cm−2 = 10−8 Pa,
which is nearly 2 orders of magnitude smaller than the values
around planets ‘b’ and ‘c’.
It is interesting to compare what would be the sizes of
the magnetospheres of these rocky planets, in case they have
a magnetic field similar to Earth’s, i.e., a dipolar field with
an equatorial strength of Bp ∼ 0.3 G. To calculate the mag-
netospheric sizes, we equate the total pressure of the wind
(the sum of thermal, magnetic, and ram pressures) to the
magnetic pressure of the planet (e.g., Vidotto et al. 2015).
Assuming the planets’ magnetic field can be described as a
dipole, the magnetospheric sizes would be 3.3 and 4.0 Rp for
planets ‘b’ and ‘c’, respectively. This is considerably smaller
than the size of the Earth’s magnetosphere, which is around
11R⊕, and is a consequence of the harsher environment sur-
rounding close-in exoplanets (Vidotto et al. 2015). Interest-
ingly, if these planets had a magnetic field similar to Mer-
cury’s (Bp ∼ 1.95 × 10−3 G; Bagenal 2013), their magnetic
pressures would have been smaller than the total pressure
of the local stellar wind, leading to magnetospheres essen-
tially crushed onto the planetary surface. This would imply
that the interaction between the stellar wind and the planet
would take place very close to the planetary surface, thus
sputtering would be significant even in the presence of a
magnetic field.
MNRAS 000, 1–11 ()
4 A. A. Vidotto, et al.
Figure 2. Our stellar wind simulation uses the observationally-derived stellar magnetic field (colour scale on the right, Paper 1) as the
inner boundary condition for the stellar magnetic field. The stellar wind velocity is shown as a cut in the equatorial plane of the star
(colour scale on the left) and the two circles indicate the orbital distances of planets ‘b’ and ‘c’. The grey lines represent the stellar
magnetic field, which is embedded in the stellar wind. The mass-loss rate derived in our simulations (1.6 × 10−14 M yr−1) is constrained
by the Ly-α astrospheric observations presented in Paper 1.
3 STELLAR WIND-INDUCED SPUTTERING
IN UNMAGNETISED PLANETS HD219134B
& C
In this section, we investigate the effects that the wind
of HD 219134 has on building up an exosphere on planets
HD 219134 b and c. For the present study, we consider the
two planets as airless rocky bodies and with a surface com-
position similar to that of Mercury. We further assume that
the planets do not possess an intrinsic magnetic field so that
the stellar wind can directly impact their entire dayside sur-
faces. As discussed in the end of Section 2, Mercury-like
magnetic fields would result in the same condition. The pre-
cipitating stellar wind protons are able to knock atoms off
the surface with energies being sufficient for the sputtered
atoms to form an extended tenuous atmosphere, i.e. an ex-
osphere.
3.1 Description of the numerical model
The numerical model used in this paper for calculating the
three-dimensional exosphere densities is based on a modi-
fied version of the model used by Pfleger et al. (2015) to
simulate the exospheric density of Mercury. For the sput-
ter simulation, we consider a steady-state situation, using
stellar wind parameters averaged over one planetary orbit,
as listed in Table 1, and thus we do not take into account
the stellar wind variations displayed in Figure 3. Our stellar
wind model assumes a fully ionised hydrogen plasma. The
presence of heavier species, such as He, can significantly con-
tribute to the sputter yield, but these are not included in our
stellar wind model. We only study refractory elements that
are ejected into the exosphere via stellar wind sputtering,
and the release of volatile elements, like sodium or potas-
sium, is not considered. Radiation pressure is not taken into
account, as it does not markedly alter the trajectories of the
sputtered particles. As we discuss further below, of all ele-
ments considered in this study, only calcium may be weakly
MNRAS 000, 1–11 ()
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Figure 3. Local stellar wind velocity around HD 219134 b (red)
and HD 219134 c (black). Because planet ‘b’ orbits at a closer
distance to the star and the stellar wind accelerates with distance,
the local velocity at planet ‘b’ is smaller than at planet ‘c’.
influenced by the stellar radiation, leading to some addi-
tional small variations in its density distribution around the
planets.
For the elemental surface composition of the two plan-
ets, we assume abundances from the mineralogical model
of Wurz et al. (2010, Table 2), which is based on available
spectroscopic observations of Mercury’s surface and which
agrees reasonably well with MESSENGER results (Pfleger
et al. 2015). The sputter yields for the various elements were
calculated by means of the SRIM code (Ziegler et al. 2013),
where the kinetic energy of the impacting protons Ei is ob-
tained from the stellar wind velocities in the frame of ref-
erence of the planet listed in Table 1. The equilibrium tem-
peratures of HD 219134 b and c are 1045 and 782 K, respec-
tively (Gillon et al. 2017). These temperatures are just be-
low the minimum typical temperature of molten lava when
it is first ejected from a volcanic vent. We therefore consider
the surface of the two planets to be solid. This is further
strengthened by the fact that we assume the planets to have
no collisional atmosphere, which could have increased the
surface temperature through greenhouse effect, as happens
on Venus.
Since the angle between the incident ions and the sur-
face normal varies with geographical location due to the
sphericity of the planets, we calculated the sputter yields
for different angles between 5◦ and 85◦, in steps of 10◦. The
yields for an angle of 45◦ are listed in Table 2. The total
production rate pi of the sputtered particles of species i on
the dayside is given by the particle flux Φsw of the stellar
wind ions multiplied by the dayside surface area Aday of the
planet, by the corresponding sputter yield Yi, and by a factor
controlling the porosity por of the regolith surface
pb,ci = Φ
b,c
sw (ϑ, ϕ) A
b,c
day Y
b,c
i (ϑ, ϕ) (1 − por) . (1)
Here, the superscripts b and c denote the two planets, while
ϑ and ϕ are the longitude and latitude of the precipitating
protons, respectively. For the surface porosity, we assume a
value of por = 0.3 for both planets (Cassidy & Johnson 2005;
Wurz et al. 2010).
Once the production rates of each species pi are known,
sputtered particles are launched from random locations of
the dayside surface with an initial kinetic energy distribution
according to Sigmund (1969) and Wurz et al. (2010)
f (Ee) =
6Eb
3 − 8√Eb/Ec
Ee
(Ee + Eb)3
1 − √Ee + EbEc
 (2)
with
Ec = Ei
4m1m2
(m1 + m2)2
, (3)
where Ee and Eb are, respectively, the kinetic energy and the
surface binding energy of the sputtered particles with mass
m2, and Ei is the kinetic energy of the impacting stellar wind
proton with mass m1. We remark that for Fe, the denomina-
tor of the first factor in Eq. (2) becomes negative for Ei . 450
eV, while Ei = 436 eV at the distance of planet ‘b’. To avoid
this we set Ei = 450 eV in the simulation for Fe sputter-
ing at planet ‘b’. The distribution of the angle θ between
the surface normal and the initial trajectory of the sput-
tered particle is assumed to be proportional to cos θ, while
the direction of the velocity vector in the horizontal plane is
considered to be uniformly distributed between [−pi, pi].
Once sputtered from the planetary surface, a particle
can be ionised by stellar radiation. Assuming a transparent
exosphere, the ionisation rate fi (1/s) of species i can be
obtained via (e.g., Meier et al. 2007)
fi =
λti∫
0
σi(λ)F∗(λ)dλ (4)
where λ is the wavelength, σi the photoionisation cross sec-
tion, λti is the photoionisation threshold for the species i and
F∗(λ) the stellar spectral irradiance (photons cm−2 s−1 nm−1)
derived in Paper 1. The calculated photoionisation rates,
based on the photoionisation cross sections available at
http://phidrates.space.swri.edu/, are listed in Table 2.
The forces applied on a sputtered atom are assumed to
be the gravitational attraction of the planet, from which it is
launched, and of the host star. Other possible forces, such as
acceleration by stellar radiation, are considered to be small
and are therefore neglected. Among the sputtered elements
considered in this study, Ca is the most sensitive to radia-
tion pressure, however, the radiative acceleration is still very
small compared to the planet’s gravitational acceleration.
The tracing of a particle is terminated either when it
crosses the upper boundary at 6Rp, or when it falls back onto
the planetary surface, at which point we make the reasonable
assumption of perfect sticking, which is valid particularly
for refractory elements (Wurz et al. 2010). If the particle is
ionised along its trajectory, we still follow it, but change its
statistical weight according to the ionisation probability.
We introduce an inertial coordinate system K¯ (x¯ =
{x¯, y¯, z¯}) with its origin in the star-planet centre of mass and
oriented in such a way that the planet’s orbital plane co-
incides with the x¯y¯-plane. The position of the star and the
planet are given by the vectors R¯∗ and R¯, respectively. The
particles’ motion is determined with respect to a coordinate
system K (x = {x, y, z}), whose origin is at the planetary cen-
tre, with the positive x-axis pointing towards the star, the
positive y-axis being opposite to the direction of planetary
motion and the z-axis is parallel to z¯. Since we assume cir-
cular orbits of the planets and tidal locking, the K-frame
MNRAS 000, 1–11 ()
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Table 2. Elemental surface abundance in units of atom percent as modelled with the multiplicative composition modelling technique
by Wurz et al. (2010) with a fixed Ca fraction of 1.67%. The sputter yields, which refer to an incident angle of 45◦, and the cumulative
photoionisation rates are shown for planets ‘b’ and ‘c’ for each element. Na and K are included in the surface composition model, but
are not considered as sputtered elements.
Species O Na Mg Al Si P S
Abundance (%) 59.42 1.32 15.8 2.62 17.3 0.268 0.591
Yield ‘b’ (%) 0.0600 − 0.0203 0.0012 0.0077 0.0001 0.0005
Yield ‘c’ (%) 0.0658 − 0.0225 0.0018 0.0086 0.0003 0.0005
Photoion. rate ‘b’ (s−1) 3.91 × 10−5 − 6.72 × 10−5 1.05 × 10−1 2.81 × 10−3 1.61 × 10−4 2.48 × 10−4
Photoion. rate ‘c’ (s−1) 1.34 × 10−5 − 2.3 × 10−5 3.6 × 10−2 9.59 × 10−4 5.49 × 10−5 8.48 × 10−5
Species K Ca Ti Cr Fe Ni Zn
Abundance (%) 0.030 1.670 0.014 0.041 0.611 0.004 0.285
Yield ‘b’ (%) − 0.0017 < 10−5 0.0001 0.0002 < 10−5 0.0003
Yield ‘c’ (%) − 0.0021 < 10−4 < 10−4 0.0003 < 10−5 0.0004
Photoion. rate ‘b’ (s−1) − 7.17 × 10−3 3.88 × 10−4 5.89 × 10−4 1.20 × 10−3 1.02 × 10−4 7.60 × 10−5
Photoion. rate ‘c’ (s−1) − 2.45 × 10−3 1.32 × 10−4 2.01 × 10−4 4.09 × 10−4 3.47 × 10−5 2.60 × 10−5
Figure 4. Sketch of the coordinate system K: the planet is con-
sidered to be at the centre of the grid, with positive x pointing
towards the star and negative x towards the observer. The orbital
motion is towards negative y.
rotates uniformly with an orbital frequency ω, where the
vector ω is parallel to both the z- and z¯-axes. A sketch of
the K reference frame is shown in Figure 4. The acceleration
of a particle in the coordinate system K is given by
x¨ = −GMp|x|3 x−
GM?
|x∗|3 x
∗ −ω× (ω× R¯)−2ω× x˙−ω× (ω×x), (5)
where
x∗ = R¯ − R¯∗ + x , (6)
R¯ = [R cos(ωt + pi),R sin(ωt + pi), 0] , (7)
R¯∗ = [R∗ cosωt,R∗ sinωt, 0] . (8)
Here, Mp and M? are the planetary and stellar masses,
respectively, G is the gravitational constant, R = |R| and
R∗ = |R∗|. Our 3D grid extends from −6Rp to 6Rp in each axis
and each axis is divided in 201 elements. This gives a linear
resolution of 0.0597Rp for each cell in our grid.
3.2 Exospheric densities
Figure 5 displays the number density of the modelled sput-
tered refractory elements for planet ‘b’. In general, the ex-
ospheres are less extended and denser compared to that of
Mercury. This is mainly due to the stronger gravitational
field of HD 219134 b and c and to the higher photoionisation
rate caused by their close distance to the star. The exosphere
is more extended in O, Mg, Si, P and Ca, respectively. In
our simulations, we assume the star as a point source and
assume no photoionisation in the geometrical shadow of the
planet, which leads to a density enhancement of neutral par-
ticles in the planetary shadow, as can be more easily seen in
the distribution of Al density. This enhancement is particu-
larly distinct for those species that are easily ionised, such
as aluminium, though in reality this transition will be less
sharp and the density in the shadow will be somewhat re-
duced due to ionisation by scattered photons. Moreover, due
to the close distance of the planets, the extent of the star
will also lead to the presence of a penumbra which might
further modify the shape of the shadow. Therefore, a more
realistic treatment of the stellar extension (instead of a point
source) would make the planet shadow slightly more conical,
but will have no effect on the observability of the exosphere.
The low iron density is not a result of strong ionisation, but
it is due to the fact that the kinetic energy distribution of
sputtered Fe rapidly decreases above ∼ 10 eV. Since this is
small compared to the iron escape energy of ∼ 100 eV, the
atoms cannot reach high altitudes, confining them close to
the surface. Iron atoms also remain neutral due to the short
amount of time they spend in the exosphere.
Figure 6 shows the number densities of the sputtered el-
ements in the noon-midnight plane for planet ‘c’. The differ-
ences with respect to Figure 5 are mainly due to the weaker
photoionisation rates and the different aberration angle of
the stellar wind.
Figure 7 shows the column densities for O and Mg ob-
tained through our modelling for both planets when looking
along the x-axis towards the star (i.e., in the plane of the
sky). The column densities are obtained by integrating the
number densities (Figures 5 and 6) from −6Rp to 6Rp along
the x-axis. An interesting feature is the higher column densi-
ties ahead of the orbits of the planets (negative y-axis). This
occurs due to the angle that the stellar wind makes with the
day-side of the planet. The velocity of the stellar wind in
the reference frame of the planet (i.e., taking into account
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Figure 5. Number density for sputtered elements in the noon-midnight plane in the vicinity of planet ‘b’. The x-axis is in the planet-star
direction, with the star on the right and the z-axis is perpendicular to the orbital plane. The unit of the axes is given in planetary radii.
Here, centrifugal force, stellar gravity and photoionisation are included. Appendix A shows the effects of each of these physical ingredients
in our models.
its orbital motion) reaches planet ‘b’ (‘c’) at an angle of 27.7
(18.7) degrees with respect to the planet-star line (positive
x-axis).1 The misalignment between the velocity vector and
the x direction causes more sputtering ahead of the orbits of
the planet, giving rise to the higher column densities there
(negative y-axis). This asymmetry is more pronounced and
more extended in the case of O in planet ‘b’, with column
densities reaching values of ∼ 1013 cm−2. If detectable, these
higher densities indicate that planetary transits in, e.g., O
1 For comparison, for Mercury, this angle is just a few degrees, be-
cause Mercury’s orbital velocity is considerably smaller than the
local solar wind velocity, such that the solar wind reaches Mer-
cury roughly at its day-side. If we were to calculate the column
densities of Mercury’s atmosphere in a similar way as done for
HD 219134 b and c (Figure 7), its distribution would essentially
be spherical in the yz plane and centred in the planet.
or Mg lines, would be asymmetric, showing a longer ingress
phase than the egress one. We discuss its observability in
the next section.
4 OBSERVABILITY OF THE EXOSPHERE OF
HD219134B
Our results indicate that oxygen is the species that has the
largest density, extends farther from the planetary surface,
and remains in large part neutral. Here, we study the de-
tectability of the oxygen corona surrounding HD 219134 b.
Because of the low gas density, the exosphere is best de-
tectable at ultraviolet (UV) wavelengths and in particular
in the far-UV (FUV). The FUV spectra of solar-like stars
present three strong emission lines of neutral oxygen, making
them ideal for the study of the detectability of the O exo-
sphere of HD 219134 b. These three lines lie at λ ≈ 1302.2,
MNRAS 000, 1–11 ()
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Figure 6. Similar to Figure 5, but for for planet ‘c’.
Figure 7. Column densities for O and Mg at planet ‘b’ (left panels) and planet ‘c’ (right panels), when looking along the x-axis towards
the star. Note the reversed orientation of the y axis. The orbital velocity, pointing towards negative y, leads to an enhancement in the
column density ahead of planetary motion (i.e., to the right on the images above).
1304.9, and 1306.0 A˚. Of these features, the one at shorter
wavelength is the only resonance line (i.e., from ground
state) and thus it is strongly affected by interstellar medium
(ISM) absorption. Because the radial velocity of the star
(−18.8 km s−1) is significantly shifted from the ISM absorp-
tion (+7.3 km s−1, Paper 1), the ISM absorption probably do
not obscure the expected exospheric Oi 1302 A˚ signature.
Here, we calculate the transit depth in the resonance
line Oi 1302.2 A˚ line using a ray tracing technique (see also
Villarreal D’Angelo et al. 2014, 2018; Oklopcˇic´ & Hirata
MNRAS 000, 1–11 ()
The HD219134 multi-planet system II 9
2018). The optical depth as a function of the velocity v (or
wavelength) along one ray in the direction that connects the
observer to the star-planet system (x direction) is
τv =
∫
nOσ0φvdx , (9)
where nO is the number density of neutral oxygen in the exo-
sphere of HD 219134 b that is in the lower energy state of the
1302.2 A˚ transition, σ0 is the Oi cross-section at line centre
and φv is the line profile assuming Doppler broadening
2
φv =
λ0√
2pivth
exp−
(
v − vlos√
2vth
)2
. (10)
Here, the line centre is λ0 = 1302.168 A˚, the thermal ve-
locity is vth =
√
kBT/mO, with kB the Boltzmann constant,
and mO the mass of atomic oxygen, and the velocity offset
from the line centre is v − vlos, with vlos being the velocity of
the escaping atmosphere projected along the line-of-sight,
i.e., in the x direction (Figure 8). We assume the tempera-
ture T of the exosphere to be the equilibrium temperature
of HD 219134 b, which is T = 1045 K. For the cross-section
at line centre, we use σ0 = pie2 f /(mec) = 1.38 × 10−3 cm2 Hz,
where the oscillator strength for the 1302.2 A˚ transition is
f = 0.052 (Hibbert et al. 1991) and was taken from the
NIST database (Kramida et al. 2018)3. We also assume that
all the neutral oxygen in the exosphere of HD 219134 b is
in the ground state, which is a reasonable assumption for a
low-density limit, in the absence of radiative pumping.
During transit, the stellar emission along one ray is at-
tenuated by Iv/I? = e−τv , where I? is the specific intensity
of the star and Iv is the velocity-dependent specific inten-
sity attenuated by the absorption from the planet and its
atmosphere. We assume that the stellar disc emits a uni-
form specific intensity I? at a given wavelength, neglecting
centre-to-limb variation. To simulate an unresolved observa-
tion (point-source), we sum the absorbed intensity (1 − e−τv )
per ray for all the rays. The transit depth is then calculated
as
∆F =
∫ ∫
(1 − e−τv )dydz
piR2?
, (11)
where dy and dz is the element of area associate to each ray
in our simulation. Our grid contains 201 elements in each
direction, which extends from −6Rp to 6Rp.
Figure 9 shows how the transit depth varies as a func-
tion of velocity and wavelength in the Oi line at 1302.2 A˚,
assuming that the planet is at mid-transit. The maximum
transit depth is only 0.042% near line centre. Out of Doppler
shifts of ±10 km/s, the transit depth is essentially that of
the broad band transit (0.036%, dashed line). The reason for
such a small increase in transit depth in the Oi 1302.2 A˚ line
is that the atmosphere remains mostly optically thin in this
line, with τv reaching maximum values of ∼ 1 near zero ve-
locities for regions very close to the planetary surface. Such
a small increase in transit depth in the Oi 1302.2 A˚ line is
2 The same calculation was done assuming a combined Doppler
and Lorentz broadening (Voigt profile) and the transit depths
obtained were the same as in the case of only considering Doppler
broadening.
3 http://www.nist.gov/pml/atomic-spectra-database
unlikely to be detectable. The lack of significant line broad-
ening is due to the low velocity material (Figure 8) in the ex-
osphere and its low temperature. The relatively low column
density of Oi (ranging from 1010 to 1013 cm−2) is responsi-
ble for the small increase in transit depth. For comparison,
Ben-Jaffel & Ballester (2013) reported column densities of
8× 1015 cm−2 in the exosphere of the hot Jupiter HD189733,
which generates a transit depth of 3.5% (the broad band
transit depth is ∼ 3%). Our maximum value of column den-
sities are nearly 3 orders of magnitude smaller, resulting in
very small attenuations caused by the planetary atmosphere.
5 DISCUSSION AND CONCLUSION
In this paper, we modelled the wind of HD 219134 and used
it to predict the surface sputter yields and the particle dis-
tribution of the refractory-rich exosphere for the rocky plan-
ets HD 219134 b and c. Our stellar wind model is possibly
the most well constrained to date after that of the Sun. We
used observationally-derived maps of stellar surface mag-
netic field (Paper 1) for the inner boundary of our 3D wind
model. Additionally, the mass-loss rate derived in our wind
model (1.6 × 10−14M yr−1) is constrained by Ly-α observa-
tions of the stellar astrosphere (Paper 1). We then used the
results of our stellar wind model to quantify wind-induced
surface sputtering for the two innermost rocky planets. With
that, we were able to estimate the density and structure
of the planetary exospheres, on the assumption that both
planets do not have strong magnetic fields and have lost
both primary (hydrogen-dominated) and secondary (CO2-
dominated) atmospheres through escape processes driven by
the high-energy stellar flux.
Our results can be summarised as follows. The large-
scale magnetic field of the planet-hosting star HD 219134
can be described as a dipole whose axis is roughly perpen-
dicular to the stellar rotation axis. As a consequence, the
stellar wind of HD 219134 is highly non-axisymmetric, which
implies that planets orbiting in the equatorial plane of the
star interact with low and high speed winds in a very short
timescale. For example, at every planetary year (3-days or-
bit), planet ‘b’ interacts with the local stellar wind whose
velocities vary from 200 to 315 km s−1. A similar level of
variation is also seen by planet ‘c’ along its orbit of roughly
one week.
Because of the close orbital distances, the stellar wind
conditions around HD 219134 b and c are much harsher than,
for example, the solar wind conditions around the Earth, or
even around Mercury. If these exoplanets were to have a
magnetic field similar to that of the Earth, their magneto-
spheres would extend out to about 4 planetary radii (only
one third of the Earth’s magnetospheric size). However, if
these planets were to have a magnetic field similar to that
of Mercury, their magnetospheres would be crushed into the
planets’ surface and the stellar wind would directly interact
with the planets’ crust. In the latter case, due to the close
proximity of both planets to the host star, the high flux of
particles of the incident stellar wind makes the surfaces of
the planets to sputter, similarly to what occurs on Mercury.
Based on a three-dimensional sputtering model created
for Mercury (Pfleger et al. 2015), we simulated here sput-
tering processes induced by the stellar wind on the rocky
MNRAS 000, 1–11 ()
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Figure 8. Line-of-sight velocity of the oxygen exosphere of HD 219134 b shown in cuts along the equatorial plane of the planet (left),
the noon-midnight plane (middle) and the plane of the sky (right).
Figure 9. Transit depth as a function of velocity (wavelength) in
the Oi line at 1302.2 A˚, assuming that the planet is at mid-transit.
The dashed line indicated the transit depth of the broad-band
optical transit.
planets HD 219134 b and c. Our simulations showed that
sputtering processes release refractory elements from the en-
tire dayside surface with velocities sufficiently high to allow
for elongated trajectories of the sputtered particles. In par-
ticular, we find that oxygen and magnesium are expected
to form an extended neutral exosphere with densities larger
than 10 cm−3, within several planetary radii. Because of the
close proximity of both planets to the host star, a substan-
tial amount of the neutral atoms will quickly be ionised and
picked up by the stellar wind. Our simulations suggest the
column density of Oi to be as large as ∼1013 cm−2 close to
the day-side of planet ‘b’ and a few times smaller and less
extended for planet ‘c’.
The column densities are not symmetric, with enhanced
densities ahead of the planets’ orbits. This happens due to
the angle that the velocity vector of the stellar wind parti-
cles makes with the day-side of the planet, when accounting
for the orbital motion of the planet through the stellar wind.
This enhanced column density ahead of the planet motion
could cause an asymmetric transit, with a longer ingress
phase than the egress phase, should it be observable. To as-
sess its observability, we used a 3D ray tracing technique to
calculate the transit depth in the Oi 1302.2 A˚, showing that
it is at most 0.042% near line centre, i.e., only a small in-
crease compared to the transit depth in the optical (0.036%).
Such a small increase in transit depth in the Oi 1302.2 A˚ line
is unlikely to be observable with current UV instrumenta-
tion.
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APPENDIX A: EFFECTS OF GRAVITATIONAL
FORCE, ROTATION AND PHOTOIONISATION
ON THE EXOSPHERIC DENSITIES
Figure A1 illustrates the number density of sputtered oxygen and
aluminium atoms for planet ‘b’ in the noon-midnight plane. The
different panels show the modelling results under different phys-
ical conditions and assumptions: no stellar gravitational attrac-
tion, no centrifugal force, and no photoionisation (left), no pho-
toionisation (middle), all physical phenomena included (right).
This is to highlight the effects of the different phenomena taken
into account. Although the individual trajectories of the sputtered
particles are altered by the centrifugal force and the gravitational
force of the star, the bulk density of the exosphere is little af-
fected. Photoionisation, however, can substantially diminish the
neutral density, as can be seen by inspection of the Al density. In
the simulation, we assume no photoionisation in the geometrical
shadow of the planet, which leads to a density enhancement of
neutral particles in the planetary shadow. Therefore, this sharp
transition, is an artefact of the model and will be smoother in re-
ality, since photons will also be scattered into the shadow region.
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Figure A1. Number density for sputtered oxygen and aluminium in the noon-midnight plane of planet ‘b’. The left panels are obtained
by neglecting the influence of the stellar gravity, of the spin of the planet, and of photoionisation. The middle panel includes the stellar
gravity and the planetary spin and orbital motion. The right panels are like the middle panels, but also accounting for photoionisation.
The x-axis is in the planet-star direction, with the star on the right and the z-axis is perpendicular to the orbital plane. The scaling of
the axes is given in planetary radii.
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